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Role of Semileptonic and Leptonic Decays

= The cleanest signature for a weak decay mediated by the W boson:

the emission of a charged lepton and neutrino

£(u.c) (" (u,c)

q v,(d,3)

= A large variety of such processes, from nuclear 3 decay to decays of
heavy quarks, i.e. covering a range from 15 KeV to 170 GeV
= S.L. decays have allowed us

= to measure fundamental weak interaction processes, test couplings to
charged weak current

= to test discrete symmetries, and
= to probe decay dynamics and study strong interactions.
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History of Measurements of Nuclear 3 Decay

= 1907: Three types of radiation were known and it was assumed
that they all emitted particles of fixed energy:
= o particles: strong interactions
= [} particles: weak interactions
= vy particles: e-m interactions
The3 types were distinguished mostly by their degrees of absorptivity!

= 1927 Definite proof for continuous 3 spectrum by Chadwick &Ellis,
after many years of conflicting interpretations by Lise Meitner

s 1929: Pauli, in his famous letter addressed to “Meine radioaktiven
Damen und Herren”, postulates the existence of a

neutral particle to explain the “energy loss” in 3 beta decay:
“It does not appear probable, but only he who dares - wins!”
1929: Bohr postulates energy non-conservation!

= 1933: Barely a year after the discovery of the neutron by Chadwick,
Fermi formulates the theory of 3 decay

V. Lith Quigg Fest, Dec. 2009



Understanding 3 Decay

1929: Prediction

1000 —

"H - He+e~

500 —

| | | ]

0 5 10 18 «l N.B. The only known
Kinetic Energy [KeV] particles were p and e- !

1933: Theory of weak
E. Fermi Interactions Neutron 3 decay
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Critical Role of S.L. Decays

= [3 decay remained the only known weak process, until
the muon, pion and kaon were discovered.

= In the decades to follow, S.L. decays played a critical
role in several important discoveries and measurements
= Parity Violation Lee, Yang, Wu
= CP, T Violation and CPT tests in K decays Lee, Yang, Wolfenstein
Electro-weak coupling of Heavy Flavor Quarks: Kobayashi, Maskawa
Discovery of tt production at Tevatron: t - b W*— b + ¢*
Direct measurements of neutrino masses

= In the Future
= Search for New Phenomena at the energy frontier: Tevatron and LHC

V. Lith Quigg Fest, Dec. 2009



Role of § Decay In Discovery of Parity Violation

In 1953, Lee, Yang instigated (6—
puzzle) searches for parity non-
conservation, they suggested this
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Role of § Decay In Discovery of Parity Violation
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CP Violation in K® — m~e"v Decays
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Discovery of Mixing in e+e- — B9 BO

ARGUS 1987

-l-l +,
L— ﬂ_'t_}u
l-l(+1f_

ARGUS: Signature: 2 D*-
2 u+ 2 K+

Phys. Lett. 192B (1987) 245

UA1 at SPSC: like-sign di-muons:
Evidence for Bs mixing???

Phys. Lett. 186B (1986) 247
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Discovery of t Quark at Tevatron: 1994
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High precision measurements of the endpoint spectrum
in 3H B decays performed to set limits on v mass.
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KATRIN Experiment :

Experimental objective:
* sensitivity: 0.2 eV/c?
* source: Gaseous Tritium ([3-decay)
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http://www.ucl.ac.uk/

he KATRIN Neutrino Mass Spectrometer

Diameter: 10 m
length: 23 m
weight: 200 t
pressure: 10 -14 bar

¥ g
,,,,
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Semileptonic B Decays — Why do we care?

= SM framework for CP Violation — CKM Matrix

= S.L. decays are AB=1 tree level processes - largely insensitive to NP

= CP Violation via loop AB=2 processes — some potentially impacted new NP

= Consistency with CKM framework — OK
but this does not really explain of the cause of CP Violation
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Analyses of Inclusive and Exclusive S.L. Decays

» Exclusive: Detect both specific hadrons and leptons

/7

“* Inclusive: Detect only leptons, sum over all final state hadrons

Events may be tagged by reconstructed 2" B meson in event

Inclusive B — X £v

Exclusive B — D*{v v

W-

Inclusive B — X fv

W-

Igg Fest, Dec. 16
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Semileptonic B Decays — Probe for |V.,| and |V ;|

Parton level //a Hadron level ¢
v
W~ v » § ; ¢ o
V\\ e .
b’ >
; X, X

Rate depends on CKM elements |V,| or |Vyl, and quark masses m, (and m,)

The leptonic current factors out cleanly
I, o szb\L | ‘ (X1t [B) ‘
Hadronic terms must be understood:
= Exclusive decays: Form factors F;(g2),
FF Shape from data, Normalization F;(w=1), from Theory: LQCD, LCSR
= Inclusive decays: OPE in powers 1/my and o
HQE from QCD: perturbative and non-perturbative
guark masses and universal non-perturbative parameters enter,

need to be extracted from data: B — Xév and B — Xsy and other

V. Lith Quigg Fest, Dec. 2009
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|Vep| from Inclusive B — X, €v and B —Xgy Decays

Based on OPE, total decay rate inclusive B— X ¢ v
2

> GZm? 0 M ol ,0
1+ A X[Co(N) +—+C, (1, ==, =)+ Cy(r, =5, =) +..]
’Vcb‘ 192 3 ( AEW) pert ( ) mb ( mb mb) ( mb mb )
free quark pertuvrbative _ _
decay corrections Non-perturbative power corrections

1.2 ~ kinetic energy of b-quark in B
ug? ~ chromomagnetic moment (B-B* mass splitting)

= Similar expressions for B — X, ¢ v and B —Xgy

m For comparison with data, study moments of inclusive distributions over large
ranges of phase space to avoid problem with quark-hadron duality

= Moments can be calculated as a function of cuts on E, or E,:
< >|Eg>E _TBIM dI" = f(EO,mb, cﬂluﬂvluGﬂpDﬂpLS)
/

= Cut-off quark masses  Non- perturbatlve
parameters

m Calculations available in “kinetic” and “1S” mass schemes
Benson, Bigi, Gambino, Mannel, Uraltsev Bauer, Ligeti, Luke, Manohar, Trott,

s >60 measured moments available form DELPHI, CLEO, BABAR, Belle, CDF
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Global Fit to Moments in B — X. £ v and B —Xgy Decays

E, lepton energy spectrum E, photon energy spectrum

B Branching fraction m,2 hadron mass sq. spectrum
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|V.,| from Global OPE Fits to Moments

= HFAG Result of Global Fit to 64 moments 58 0043] Kinetic Scheme [y -
IVl = (41.31 x 10 (1 £1.2%g, % 1.4%greon) : ]
m, = 4.678 = 0.051 GeV o0 1
My, — M. = 3.427 + 0.021 GeV :
W2 = 0.428 + 0.044 GeV? oo 1
0.04F ]

= Status and Issues R T
4.6 4.65 47 475

=  Major effort underway to improve higher order QCD terms m, (GeV)
= o2 U2 likely to impact my, L
= 0 By : mostly impacts total rate and thus |V | P. Zambino
= my* : terms expected to be small % oo T00%coTrelation 7
= Local OPE for B—Xy on less solid ground, 5-3
especially with cut E, > 1.8 GeV (Neubert LP07) E.En 155}

= unavoidable correlations among moments _
treatment somewhat ad hoc! impact quark masses a0l

= Results on my are crucial input to |V, extraction e
1.00 1.05 1.10 1.15 1.20

kan
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Global Fit to Moments: b-quark mass

Fits would greatly benefit from additional external input, primarily m, and m,
In kinetic scheme I' ~ mp2(my-m,)3,
fits to moments show linear relation between my and m¢!

Confinement - Quark masses are not physical observables, but defined as
formal parameters in QCD action — choice of schemes adapted to specific
processes Constant I"

Recent update of sum rule calculations at | atfixed Veb
NNNLO in MS scheme
Mp(Mp) = 4.163 % 0.016 GeV !! cesh
m¢(me) = 1.279 + 0.013 GeV ! '

47, Gambino

Chertyrkin et al. arXiv: 0907.2120 (2009) E 4.60 -

Currently, translation to kin. scheme increases 55-; '

error to 40 MeV! Still smaller than current 4331

PDG error! . 4_5(}:/, & Kuhn, Steinhauser,Stur
Goal is to fit masses in MS scheme directly, 2

so conversion error can be avoided! 1o 1r 1213

: m M (GeV)
V. Lith Quigg Fest, Dec. 22



|V,,| from Inclusive B — X, [v

Experimental challenges
= Large B — X.[v background (50x larger) requires restriction in phase space
= Variables like Mx, P+=Ex-|px|, g2 require full event reconstruction
= Tagged events (other B reconstructed) reduce samples to 1 evt/0.5M BB
= Background BF and Bg and Signal distributions not that well understood

Theoretical challenges — simplifications of OPE in limited phase space

= Rates become sensitive to b-quark PDFs in B meson.
= Unknown higher orders terms in asand 1/m, expansions
= Shape functions (SF) — to be extracted from data
Leading order in 1/mb: universal SF
Order Agcp/My: several subleading SF
= Weak annihilation - process not included - could be ~5%

Current QDC predictions are for one specific region, require
extrapolation
= BLNP: SCET based Bosch, Lange, Neubert, Paz (2004,2005)
= GGOU: OPE based Gambino, Giordani, Osola, Uraltsev (2007)
= BLL: OPE based Bauer, Ligeti, Luke (2001)
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V| from Inclusive B — X € v

> <1 55 GeV __p+ <0.66 GeV 2 >8 GeV2 BABAR 383M BB
5.0 |epare2Ews]E B w dirceve || MX<1.55 | [V (10%)
Eﬁ ol {p%r {3 20 1 £1s0; BLNP 4.02+0.1940.29
5 18 1§
o, % L | ook GGOU | 3.98+0.19+0.29
o L : E GDE 4.56+0.22+0.32
5 1 o Tﬁ‘ 5
_lm_l |||| ek 1 il
0 1 2 3 4 5 1% 5 10 15 2025
M, (GeV/c) P (GeWc) ¢ (GeV4c?)
Belle o000 BB
E . TrTor T T : — 3)
c : % + B" data No Cut | |Vl (10
= 2000 01 £t Z N ®
L + A\ . [(]B—=Alv
ool E 12000¢ Hoeonimes - BLNP | 4.37+0.26+0.23
NN . Soomornaonal 4 1 GGOU | 4.4140.26+0.21
1000— /
: ﬁf 11000( 1 | GDE | 4.46+0.26+0.16
500¢ 7 k
G2 i —
R T ' s SRSl Q: Do we understand
12 3 4 G 10 20 30 W InC
x (GeV/c?) q? (GeV?¥c?) the uncertainties?

V. Luth
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Current Inclusive |V ,| Measurements

BLNP - HFAG E
BLNP - N inter09
Vol = (4.0620.15,,,+0.27) x 10-3 o
GDE >
Total Error: 7.2 % total data
+2. 100+ 2.3, Exp. 3.6% GGOU ——
i1'2bc model i1'3bu model BLL
*+4.9 1o param £ 0-4 ¢ form } Theory 6.2% —
+ 0.9 st 1.5 = 3.4 | | | | Winter09 |
2 3 4 5
[Vl [x107]

= Proposed improvements
= Factorize SF into non-perturbative (from data) and perturbative (from theory)

= Develop Global Fit to moments from B —X  Iv and B— X,y to extract |V ],
my, 1.2. Use external input on quark masses

= Avoid translation between mass schemes
= Find ways to combine data in different kinematic regions, experiments
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Extraction of |V,,| from B— D {v Decays

/

*%*  The differential decay rate

/ Universal Form Factor

dr(8 - D" tv G, - oy
( ) Sy AR (w.0,,0,.0K(w)
dwdcos6,dcosO,dy 48x K

— Phase Space

= B> DCU0: asingle FF G(w)
= B —>D*v: F(w,0,0,,%) incorporates 3 form factors, A(w), Ayx(w), V(W)
s HQ Symmetry predicts a unique universal F(w) with
= Common shape given by slope p2, constraints by analyticity and unitarity
=  Normalization at zero-recoil: F(w=1)=G(w=1)=1
QCD (and QED) correction to F(1) needed! Lattice QCD
s Extract FF parameters by fits to differential decay rates
= B —> D¢v: 1-dim decay distribution I'(w):
parameters: |V,| G(1) and slope p?
= B — D*¢v: 4-dim decay distribution I"(w,6,,6,,%) ,
parameters: [V, F(1), slope p2, Ry(w=1) and Ry(w=1,
Fit - either fully 4-dimensional distributions — high sensitivity to R, and R,
- or 4 1-dimensional projections
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Extraction of |V.,| from B —D* ¢ v Decay Distributions

BABAR
1. Maximum likelihood fit to 4-dim. decay distribution” 80/fb
/6 <y < 2n/6 n2 <y < 4n/6 Sml6<y<m

240
Most sensitivity to p2, R{,R,

from 4-dim distributions —
only BABAR and CLEO

1 Bﬂ_ Only small fraction of data
0 . | . 0 . 0 analyzed by Belle and
-1 0 o 0 b 0 " BABAR - Embarassment !

cosh, cosh, cosl
v

2. y?fit to absolute 1-dim. w, cos®, cos®, y distributions:

10000 I T | T | T | T | | | T | 10000 ™ T I T T T T T T T |
- 8000 - I
8000 - A
o L i
=] o 6000 = .
2 6000 =} N ©
2 2 Q 6000 = 7 &2
£ c 2 1 € 4000
= c - -
= =>
4 4000 w 9 4000 |- +4 9 | |
w i |
0 0 0
0 6 02 02 06 10 10 06 -02 02 06 10 0 90 180
cos6, cosh, X(degrees)
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The decay rate (integrated over angles)
= V. ]G (w
dw 48712\ % m

Phase space

Simpler, single FF G(w),

shape is expressed in term of slope parameter

slope p2, with analyticity constraints:

G(w)
G{d)

=1-p’z+(51p> —10)2* - (252p> — 84)7’

Caprini, Lellough, Neubert, Nucl. Phys. B530,

BABAR: 3,255x82 fully reconstructed
Reduces combinatorial Background

217

Fit absolute to dI'/dw distributions to extract

[Vepl G(1) and p?
Reduction is uncertainties by factor of 5!

V. Luth

Quigg Fest, Dec.

Form factor

Events/(0.04 GeV?)

2009

Extraction of |V.,| from B —D ¢ v Decay Distributions

BABAR, to be publlshed in PRL

60"
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302
20f
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- B — DIv
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[ 1B —-D*Iv

B continuum + BB ]

[ fake lepton

w>1.54




G(1) X IV [107]

|V.,| Measurements based on B — D) ¢+ v Decays

DYAY CLEO

S50~

401~

HFAG
30| WNTER 2004 x*/dof=0.16
| ¥ /dof=1.3/8 | |
1 1.5

p2

NG(1)[Vepl =(42.320.7 3, +1.3) 1073

N G(1) = 1.082+0.024 Okamoto, FNAL 2004

Vool =(39.1+1.4, +0.87,,,,) 10

3.5% 2.2%

— 45
g _ DMV CLEO
B
>
x 40 QkaY
. RERFIEL
8)3%. reco.)
| VERAGE
35 %\ BABAR (Global Fit)
ALEPH U<| BABAR (D*0)
i BABAR (excl.)
BELLE
HFAG
30— Xz/dofzz 7 WINTER 200¢
. | . | . | . |
0 0.5 | 1.5 2
2

MF(1)[Vep| =(35.75+0.42) 103
N F(1) = 0.92740.024 (FNAL/MILC, PRD 2009)

Vel =(38.6+0.45,,,£1.00,,,,) 103

1.2% ?7? 2.6%
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Dilemma: B — Xc [ v Exclusive BF Measurements !!

Exclusive: D* (v

ALEPH (excl)

5470251020 PO

OPAL (excl) |

520 £0.20 +0.38 0

CLEO :

6.03 £0.19 £0.20 i e

OPAL (partial reco) t
565027043 |

DELPHI (partial reco) '
5.04+0.15+0.18 *“"‘

BELLE (excl) 4.4240.0340.25 |

476 £0.25+0.19

DELPHI (excl) i
5.57£0.19+0.34 P e

BABAR (excl)
455+0.04£0.13 ——

BABAR (tagged) i
5.40 £0.16 £0.25 i el

Average ;
5.02 +0.10 HOH

HFAG ¥/dof = 39.6/ 9

O, ® y2/dof=4.1

2

4 . 6
BB — D I"v)[%]

Exp. errors are underestimated!

V. Luth

= Sum of exclusive BF does not add up to
total X.lv— 1.4% unaccounted

Decay BF (%)
Dlv 22 +0.1
D*|v 49+04 *
D**|v 1.6 £ 0.2 **
Sum BO 8.7+ 0.4
XV 10.1 £ 0.3

= Poor agreement for D*Ilv BF

= Unknown partial BF of D** states

= Missing decay modes? Extra m, n
This impacts many measurements!

= An embarrassment, but unlikely to be
resolved soon!
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BABAR: 230 M BB Events

Phys.Rev.Lett.98:091801,2007.

Exclusive |V | measurements: B—nlv

- «10°® .
L C
20— _
3 20} a =0.52%0.05, +0.03,
Ny 18::_“"“'!
T 16F] T e ;i
2 5 '
140 7 T——L 17
r aanm T »
12'1"'1" .
C ] I e N 1
10:___ : B ui
8:— == SGW2 AERN
: ................. LCSH I_l_ ;.
6 :
: E F':“- o |
44— 0 e, T '|_ .
o
- T
C | 1 | 1 | 1 | | | | 1 | 1 | 1 | 1 1 | 1 1 1 | |
UD 5 10 15 20 25

Unfolded g? (GeV?)
Becirevic-Kaidalov parameterization

lﬂuﬁ: 2f 2 : 2
(1_‘? /’"a')(1_“q /m;']

V. Luth

BK Ansatz
o3 dT Gz. | o
B—al)=—"-p |V, [
dqz( ) 2431_3 p:r| uhb |f—(q )

< Combine measured partial BF with f,(q?)
predicted by QCD, in restricted g? regions

< Requires analytic parameterization of f,.(g?)
and fy(g?) — commonly use BK, parameter o

o I/’T L A ,5\((1;271111 ’ qgn axr )
ub ‘ —

_— 2 2
! @qﬂlin ’ q-m,a.-_r }

Ball-Zwicky q~ < 16
334+ 0.12+0.55-0.37
HPQCD q~ > 16

340 £ 0.20+0.59-0.39
FNALq’> 16

3.62+0.22+0.63-04] B B

HFAG
.

L 1 1 | | | | J | | L

0 0 4 IV, I 103
V,|=(3.40£0.2073)-107
6% 11-17%
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Boyd, Grinstein, Lebed (1995)

Becher, Hill (2006)

= BK Parameterization simple, but
iIntroduces unknown uncertainties

= Based on dispersion relations and
analyticity BGL introduced expansion

Exclusive |V | measurements: B—nlv

BGL Ansatz

BABAR: 230 M BB Events

Phys.Rev.Lett.98:091801,2007.

0.035

003

D-04_III|IIII|IIII|IIII|IIII|IIIII_

= simultaneous 4-parameter z-fit

Q@ Fermilab-MILC lattice data .
@ BABAR data rescaled by |V,;| from z-fit

_|_
. . ~,
In new variable z oo i
> oo
2 2k Lok
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Accounts for sub- AP = T 4 - LQCD +DATA | |
AT 001 -
threshold poles \/mi —)+ \/mi _ QEJ 03 - 02 o 01 02
Vub| x 10° = 3.384+0.36 11%
= Thus only few parameters to describe ap = 0.0218 £ 0.0021
the FF. Need FF normalization a1 = —0.0301=0.0063
as = —0.059+0.032

= Current data fit linear or quadratic

ansatz !

New BABAR Analysis in preparation
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Summary on |V.,| and |Vl

Inclu ecays:
|Viyp| =4.06 -10-3 (1.00+0.04,,,+0.07,,) [Vepl =41.5-10-3 (1.00+£0.012,,+0.0154,,)

Exclusive Decays:
[Vl =3.38 -10-3 (1.00+0.03,,,+ 0.09;,))  [V,|=38.6-10-3 (1.00+0.016,,,£0.023;,)

GLOBAL FIT of CKM Parameters — UT Fit

Vbl preqg =3.50 -10-3 (100 +0.04) IVcprred:41'17'1O_3 (1.00%0.021)
= —_ 0.5?10'3’
i; > o045 B- nlv BABAR
_ © o4 ® BGL it
0.5 0.35¢
|
or ] 0,25§ + Incl. B~ XU|V
i 7 0.2 HFAG (BNLP)
0.5 vd ) 0.15F
L / —
i 0.1
s .;FIT. Angles only ' 0.05
gy | WA
A 0.5 0 0.5 1 0%03 0.0035 0.004 0.0045 0.005°
P Vub
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Best Wishes for Many Years of Fascinating Research

V. Luth

Exzel |

Quigg Fest, Dec. 2009 34



	100 Years of b Decays��A History of Strong Interactions of �Experimenters and Theorists
	Role of Semileptonic and Leptonic Decays
	History of Measurements of Nuclear b Decay
	Understanding b Decay
	Critical Role of S.L. Decays
	Role of b Decay in Discovery of Parity Violation
	Role of b Decay in Discovery of Parity Violation
	CP Violation in K0   p-e+ Decays
	Discovery of Mixing in e+e- → B0 B0
	Discovery of t Quark at Tevatron:  1994
	Direct Neutrino Mass Measurements  
	Slide Number 12
	The KATRIN Neutrino Mass Spectrometer�
	Slide Number 14
	Semileptonic B Decays – Why do we care?
	Analyses of Inclusive and Exclusive S.L. Decays
	Slide Number 17
	Semileptonic B Decays – Probe for |Vcb| and |Vub|
	|Vcb| from Inclusive B → Xc l n and B →Xsg Decays
	Global Fit to Moments in B → Xc l n and B →Xsg Decays
	|Vcb| from Global OPE Fits to Moments
	Global Fit to Moments:  b-quark mass
	|Vub| from Inclusive B → Xu l n
	|Vub| from Inclusive B → Xul n
	Current Inclusive |Vub| Measurements
	Extraction of |Vcb| from B D(*) ℓn Decays
	Extraction of |Vcb| from B →D* l n Decay Distributions
	Extraction of |Vcb| from B →D l n Decay Distributions
	|Vcb| Measurements based on B  D(*) l+ n Decays
	Dilemma:   B  Xc l n Exclusive BF Measurements !!
	Exclusive |Vub| measurements:  B→πℓν     BK Ansatz
	Exclusive |Vub| measurements:  B→πℓν     BGL Ansatz
	Summary on |Vcb| and |Vub|
	  Best Wishes for Many Years of Fascinating Research

